We first discuss the use of dimensional arguments (and of the quadrupolar emission hypothesis) in the derivation of the gravitational power radiated on a circular orbit. Then, we show how to simply obtain the instantaneous power radiated on a general Keplerian orbit by approximating it locally by a circle. This allows recovering with a good precision, in the case of an ellipse, the highly non trivial dependence on the eccentricity of the average power given by general relativity. The whole approach is understandable by undergraduate students.
I. GRAVITATIONAL ENERGY RADIATED BY KEPLERIAN SYSTEMS; INTRODUCTION
Einstein built the general theory of relativity (GR) between 1907, when he formulated the first version of the equivalence principle, and November 1915, when he obtained his equations for the gravitational field. In GR, space-time is described by the metric tensor, whose components are identified with the gravitational potentials of the matter. In 1918, Einstein established that small perturbations of this tensor propagate at the speed of light and are generated by masses undergoing acceleration. These perturbations, which are called gravitational waves (GW) describe transverse (shear) deformations of space and are associated with the quadrupolar momentum (inertia momentum) of the source 1,2 (whereas in electromagnetism the transverse polarization is a vectorial one and is generated in first approximation by the dipolar momentum of the source).
In the case of a binary system, the energy carried away by GW is lost by the system, hence a decrease of its orbital period. The first detection of that effect occurred in the 1980's after the discovery in 1975 3 of the binary pulsar PSR 1913+16 by Hulse and Taylor, who were rewarded by the Nobel Prize in 1993. 4 This system is composed of two neutron stars with
The aim of this paper is to show that standard knowledge at undergraduate level can be used to calculate the GW power radiated by a celestial body such as PSR 1913+16, and to discuss its dependence on the various orbital parameters (including eccentricity). In section II, we use dimensional arguments to obtain (up to a constant) the gravitational power radiated on a circular orbit under the assumption of a quadrupolar emission. The same analysis, applied to the dipolar and quadrupolar electromagnetic radiations leads to an interesting comparison. Of course, this dimensional approach does not apply to a general Keplerian orbit because of the eccentricity, which is an adimensional parameter. In section III, we show how to derive very simply the instantaneous power of radiation on such an orbit, by introducing the local radius of curvature (which enters the well known expression of the normal acceleration). Finally in section IV, we discuss the case of a Keplerian ellipse and calculate the mean radiated power.
The dependence of this power with respect to the eccentricity of the orbit agrees with a precision of order 1% with the formula 7 of GR which has been confronted to the observations.
II. DIMENSIONAL CALCULUS AND THE CASE OF A CIRCULAR ORBIT
In the center of mass frame of a binary system, let ( ) 
and using the relations [ ] 
In Eq. (2), A is a constant. Its exact value 32 5 is not far from unity 8 and is given by a rather
Let us emphasize that the 6 ω dependence of circ P is characteristic of a quadrupolar radiation.
Indeed, as soon as we expect circ P to be proportional to 
III. RADIUS OF CURVATURE AND THE EXTENSION TO KEPLERIAN ORBITS
The above dimensional argument 10 cannot be applied to an elliptical trajectory because eccentricity is an adimensional parameter. A way to bypass this difficulty is to consider that locally (near a point M) the trajectory can be approximated (up to second order) by a circle whose radius R MC = is called the local radius of curvature (figure 1). Then, the instantaneous angular velocity ω is
, where V is the velocity at the point M. This allows writing the instantaneous power of gravitational radiation as:
In kinematics, the radius of curvature is also well known from the relation
which gives the normal acceleration, i.e. the projection of the acceleration a on the line MC.
Let ϕ be the angle between a and MC, then:
When the trajectory is governed by central forces pointing towards a point O (figure 1), ϕ is also the angle between the velocity and the normal to the line OM . In that case, the conservation of the angular momentum µ ∧ r V leads to the additional relation ( )
and the product of Eq. (4) and Eq.(5) leads to the factor 11 6 2 V R − of Eq. 3, through the term
Finally, in the case of a Keplerian motion, where
the instantaneous power of radiation becomes:
In the discussion of the next section, we shall also need the expression 2 -5 2
which gives the energy dW radiated along an arc dθ of the trajectory. It is a consequence of Eq. (8) and of the relation (area's law): 
IV. THE INFLUENCE OF THE ECCENTRICITY FOR AN ELLIPTICAL ORBIT
We now examine some consequences of Eqs (8) and (9) 
In the following, we shall need the relation
between the parameter p, the eccentricity e and the semi-major axis a of the ellipse, as well as the expression of the period of the motion T (Kepler's third law): . This suggests that the radiation is then mainly emitted near the periastron. One can check it by using Eq. (9) to obtain by a direct numerical integration the angular arc which corresponds to 50% of the radiated energy. Another remark concerns the dependence with respect to the eccentricity of the time averaged power P (total energy radiated on the orbit divided by the period 2
Using Eq. (9) 
which follow respectively from Eq. (11) and Eqs. (12)- (13), one immediately gets: 
For our discussion, we write Eq. (16) as
with (after the evaluation of the angular integral):
( ) ( ) As a final remark, let us recall that the above calculation of P is based on an approximation (assimilating locally the trajectory to a circle critical dependence on the eccentricity. In the case of PSR 1913+16, the relative discrepancy between them is of the order of 0.8%, i.e. only twice the precision of the measurements. In the general case, the error does not exceed 1.2%.
In conclusion, the formula obtained in section II for the power radiated by GW on a circular orbit, and the introduction of the local radius of curvature, have led us to recover the non trivial influence of the eccentricity given by GR in the realistic case of an elliptical orbit. The whole calculation can be considered as an application at the undergraduate level (dimensional analysis, normal acceleration and Kepler's laws) of a problem of high physical interest. 
